The profiles of O,, H,S, and pH within a microbial mat of the hypcrsaline pond Solar Lake, Sinai, were measured by 2-208pm-thick microelectrodes during diurnal and artificial light cycles. The oxygen concentration in the photic layer varied from a maximum of 1,400 PM during the day to 0 during the night. The pH in the same layer varied between 9.6 in the early afternoon and 7.7 in the early morning. Sulfide was not present in the photic zone during the day, but built up to about 50 /IM during the night. The diffusion gradients of sulfide and oxygen were very steep and the two compounds coexisted in a layer only 0.25 mm thick during the day. Diffusion flux calculations showed that the average turnover time of sulfide within this layer was 21 s. The rapid turnover indicated that the oxidation of sulfide must be biologically mediated. Oxygenic photosynthesis was measured by a new oxygen microprofile method which accurately determines the vertical distribution of photosynthetic activity. There was no difference in the efficiency of photosynthesis between morning and afternoon. The photosynthetic efficiency of the whole mat was about fourfold higher at low light intensities, ~120 PEinst. m-z.s-1, than at high light intensities, 120-1,600 pEinst*m-"es-'. Anoxygenic photosynthesis within the mat was not quantitatively important.
The upper few millimeters of shallow sediments are characterized by a biologically mediated rapid turnover of several organic and inorganic compounds. The very narrow zonation of biological activities and the rapid turnover make analysis within this layer difficult. Oxygen microelectrodes have now made it possible to measure oxygen with a high spatial and temporal resolution, and such measurements have been used to calculate rates of oxygen consumption and oxygen production within the surface layer of sediments (Revsbcch et al. 1980,198l; Revsbech and Jorgensen 1983) . The oxygen microelectrode was used in combination with multiple sulfide and redox electrodes to measure diurnal changes within the upper few millimeters of a microbial mat (Jorgensen et al. 1979b ). These data showed that oxygen and sulfide coexisted in a narrow lay-' This study was supported by the Danish Natural Science Research Council (grant 11-2078 to N.P.R. and B.B.J.) and by a grant from the Ministry of Science and Technology of the State of Niedersachsen, GFR (to Y.C.). er (< 1 mm) within the mat. Fluxes and turnover rates of the two species could be estimated from the oxygen and sulfide profiles.
We have now also made S2-and pH microelectrodes with which sulfide and pH in sediments can be analyzed in great detail and have used the microelectrodes to measure profiles of 02, H2S, and pH within the microbial mats of Solar Lake, Sinai. These mats have been studied previously by Krumbein and Cohen (1974) , Krumbein et al. (1977) , Jorgensen and Cohen (1977) , Jorgensen et al. (1979b) , and Jergensen et al. (1983) . Rates of photosynthesis in the mats were measured by a new oxygen microprofile method which involves the use of oxygen microelectrodes (Revsbech et al. 1981; Revsbech and Jargensen 1983) . The photosynthetic rates obtained by this method were compared to the rates calculated from the oxygen exchange between the mats and the overlying water in the light and in the dark.
The microbial mats in Solar Lake are well suited for a study of microgradients because the high temperature and salinity limit bioturbation by benthic animals. The results of these investigations may illumiter mat). Most experiments were done with nate similar processes in disturbed and sediment lacking the gelatinous layer more commonly distributed sediments.
(deep flat mat: cf. Jorgensen et al. 1983 ). We thank the members of the microbial ecology group in Aarhus, especially J. Sorensen, for critically reading the manuscript, H. Baumgartl and D. W. Li-ibbers gave valuable advice about the construction of microelectrodes.
I?. Wassman provided essential equipment. Radiometer A/S donated lead glass and pH sensitive glass.
The sediment was collected in Plexiglas cylinders. After sampling, the cores were submersed in a continuously aerated water bath with Solar Lake water held at 25°C. The temperature in situ varied from 23°C in the morning to 27°C in the afternoon.
Materials and methods
All samples were collected from the microbial mats of the hypersaline pond, Solar Lake, Sinai. The samples were taken within a few square meters in the shallow part of the lake, where the mat is about 1 m thick. The major constituents of the microbial mat were living and dead cells, of which cyanobacteria were particularly numerous. The water table of the lake changes during the year as a result of evaporation.
During our work (MarchApril 1981) , the part of the lake investigated was covered by 50 cm of oxic water with a salinity of 80?4& The microbial mat was not completely homogeneous. Some patches were covered by a 2-5-mm-thick gelatinous layer rich in gas bubbles (blisMicroelectrode measurements-The microprofiles of 02, H,S (the total amount of dissolved II,S, HS, and S2-is here designated H,S), and pII in the upper few millimeters of the microbial mat were measured with microelectrodes ( Fig. 1) as described below.
Oxygen microelectrode-The 2-lo-pmthick oxygen microelectrode used was of the type described by Baumgartl and Liibbcrs (1973, 1983) . Its use in sediments has been described by Revsbech et al. (1980) and Revsbcch (1983) , who also described the effect of hydrogen sulfide on the electrode response. The modified electrodes used in these experiments were goldplated at the active surface which increased their stability; the gold-plated electrode gave a higher current with less current drift than the simple platinum oxygen electrode.
Sulfide microelectrode-The theory of the sulfide electrode was given by Berner (1963) . The sulfide microelectrode was made from O.l-mm platinum wire melted into a lead glass capillary.
The tip was ground on a rotating Carborundum disk, so that the platinum was exposed and then recessed 30-50 pm by etching with 2-v AC in saturated KCN solution. The recess was filled with silver by electroplating at 0.2 V in a solution containing 0.05 M AgNO, and 0.3 M KCN. A coating of Ag2S was made by dipping the electrode into 0.3 M (NH,),S for 2 min. The electrode was calibrated in Solar Lake water containing various H,S concentrations at standard pH values of 7.5 and 8.0 (0.1 M HEPES buffer) and pH values of 8.5 and 9.0 (0.1 M Tris buffer). The slope of the calibration curves between low4 and lo-" M H,S was 37 mV.decade-l, or 7.5 mV more than predicted by the Ncrnst equation:Almost linear calibration curves were obtained down to about lOme M H2S, below which the electrode became sensitive to stirring; calibration was therefore done in a stagnant medium to simulate conditions within the mat. Calibration was not reproducible below lo+ M H,S. The electrode potential changed by 29 mV per pI1 unit in the range from 7.5 to 9.0. The actual concentrations of II,S in the solutions were determined photometrically by the methylenc blue method (Cline 1969) . The equilibration time of the sulfide microelectrode was 0.2-2 min, longest at low sulfide concentrations.
Because equilibrium was attained most quickly when the change was from higher to low concentrations, we took the readings in deeper layers with high sulfide concentrations first. The electrode was stable for several hours, but when it was used for more than 1 day, the response became slower and finally the electrode lost its sensitivity to H,S. This effect was probably due to conversion of all the Ag to Ag2S. Calibration of the sulfide electrodes is time consuming and need not be fully repeated for each new electrode. Sulfide microelectrodes made as described above give almost identical potentials, and for most applications it is sufficient to check a new electrode against one which is known to function satisfactorily.
The sulfide microelectrodes are, however, much less accurate than the oxygen and pH microelectrodes.
pH microelectrodes-The pH microelectrode was made from pH-sensitive Corning 0150 glass and had an insulating shaft of lead glass. The construction of this microelectrode (Hinke 1969) as well as that of other types is described by Thomas (1978) .
The calibration curve of the pH microelectrode was linear and the 90% response time was from 10 to 60 s in the brine from Solar Lake; in more strongly buffered media, the response was faster. The slope of the calibration curve was close to the theoretical 59 mV * (pH)-' in buffers at low salinity. In Solar Lake water the slope was lower due to interference from sodium ions. This interference was most pronounced for old, well hydrated pH microelectrodes. Thus, for a 0.5year-old microelectrode, the slope was only 50 mV. (pH)-' compared to about 56 for relatively new electrodes. The pH microelectrodes were calibrated in Solar Lake water against a commercial pH electrode (Radiometer No. GK2321C) with known sodium error. Calibration was highly reproducible. In general, pH microelectrodes seem to show less drift than large commercial pH electrodes (Thomas 1978) . The internal Ag/AgCl wire was protected from strong light during the experiments to avoid photochemical reactions in the AgCl layer. The potentials were read on a Radiometer 28 pH meter.
All three types of microelectrodes were inserted vertically into the mats from above with the aid of a micromanipulator. In one experiment the three electrodes were glued together so that the combined measurements were made only a few hundred microns apart. Shielded cable of "low noise" quality was used for the electrical connections, as the resistances in all the measuring circuits were very high.
Primary production determined by oxygen microelectrodes-The rate of photosynthesis in a sediment can be determined from microelectrode measurements of the changes in oxygen concen-tration in the sediment during light-dark cycles (Revsbech et al. 1981; Revsbcch and Jorgensen 1983) . Measurements were made both under natural light conditions and under artificial light from a slide projector. We used very short dark incubations (Revsbech and Jorgensen 1983). The microbial mat was briefly covered by two black plates to obtain darkness during the outdoor incubations. The plates were positioned on top of the Plexiglas cylinder about 1.5 cm above the sediment surface. The stirring of the overlying water was stopped about 1 min before the start of each measurement to create a relatively stable oxygen profile at the very surface.
Oxygen exchange-The oxygen exchange between the microbial mat and the overlying water was measured under artificial illumination and in the dark. The microbial mat was incubated in stoppered Plexiglas cores (46-mm i.d.) and covered with ca. 9 cm of water which was stirred with a small magnet during experiments. The oxygen concentration was continuously recorded by a Clark-type oxygen electrode with low oxygen consumption (made at our workshop). The temperature in the overlying water was measured by a thermistor (ITT F 14D). Readings from the oxygen electrode were corrected for the small changes in temperature during incubations.
Results
Microelectrode measurements-The profiles of 0,, H&S, and pH were studied under natural light. conditions during a diurnal cycle in cores from the mat that were submersed in a water bath with continuously aerated Solar Lake water. The mat surface was defined as the depth at which a significant change in the chemical parameter was observed; for sulfide, this definition is only realistic in the dark when the reaction between oxygen and sulfide occurs at the very surface. Dramatic changes in all three parameters could be observed during the diurnal cycle (Fig. 2) . The oxygen and sulfide profiles changed very rapidly at sunrise and at sunset, but there was little change at other times. The highest oxygen concentration (supersaturation) was found before noon; a similar morning oxygen peak was found by Jorgensen et al. (IW'gb) . The overlap between oxygen and sulfide was only 0.2-0.5 mm at all times, but occurred in the top o-O.5 mm during the night and at a depth of about 2 mm during the day. The pH microprofiles showed a much slower evolution with time than did 0, and H,S. The highest pH (9.6) was at 0.8-mm depth during the afternoon, and this photosynthetically induced peak persisted for several hours after sunset. The lowest values of pH at 0.8-mm depth were measured just before sunrise. In deeper layers (below 3 mm) the slow changes of pH resulted in a maximum (7.6 at 4 mm) around 1920 and the lowest value (7.2 at 4 mm) around 1300.
The measurements described above were made in three separate, but very similar cores. The I&S concentration cannot be determined accurately in this way, as only slight variations in pH will cause significant errors in the calculation of H,S. An experiment was therefore conducted with all three electrodes glued together and attached to the same micromanipulator. The tips of the microelectrodes were positioned ~1 mm apart. This arrangement ensured that oxygen, sulfide, and pH were measured at exactly the same depth. The experiment was done outdoors in early afternoon; the sediment was protected from light by black plastic from sunrise until the experiment began. Oxygen penetrated to only O.5-mm depth, and sulfide could be detected to the very surface before the onset of illumination (Fig. 3,  dark) . The pH decreased from 8.2 in the overlying water to 7.3 at a depth of 3 mm. When the sediment surface was exposed to sunlight, oxygen was produced and sulfide was consumed in the upper 2 mm. After 6 min in the light there was a small oxygen peak at a depth of 0.5 mm and the sulfide had disappeared from the upper 1 mm; the pH had changed only very little. high values also in the water above the during this period. The oxygen peak had sediment from 30 min in the light to 6 disappeared after only 6 min in the dark, min in the dark. This was because the aerbut there still was a large peak of pH at ation and stirring of the water was stopped 0. coexist at all at this time, as sulfide had not yet been supplied to the previously oxic zone by diffusion or sulfate reduction. After 14 min in the dark, oxygen and sulfide again coexisted in a narrow zone and the sulfide concentration in the upper 2 mm continued to increase until the experiment was stopped after 70 min of dark incubation.
The pH values in the upper 1.5 mm were still relatively high after 26 min in the dark and, as also observed during the diurnal cycle, the change of pH was very slow compared to the changes of oxygen and sulfide.
Oxygenic photosynthesis and oxygen consumption-The photosynthetic rate of the flat mat was determined throughout the day at about 0.5-h intervals (Fig. 4) . The oxygen microelectrode was introduced into the same point on the microbial mat for each determination.
The microelectrodes are very thin near the tip, and such introduction did not cause a major disturbance of the mat (Revsbech et al. 1981) . It was a cloudless day and the curve of photosynthesis vs. time should have been as smooth as the light curve. The slightly irregular shape of the photosynthesis curve is due to experimental inaccuracy in the determination of photosynthetic rate. The total photosynthesis throughout the day was 156 mmol 0,.me2. 5 . The slope of the regression, and therefore the efficiency of the photosynthesis, was highest at low light intensities up to about 120 PEinst . m--2.s-', above which it decreased to about 25% of the initial value. There was no sign of photoinhibition of the microbial mat even at 1,670 PEinst . m-2.s-l, although the scatter in the points at the highest light intensities leaves the possibility that photosaturation may be approached.
The vertical distribution of photosynthesis and profiles of oxygen around noon (1305) and around dusk (1705) is shown in Fig. 6 . During most of the day, there were very high concentrations of oxygen in the uppermost 2-2.5 mm of the microbial mat (Fig. 2) and oxygen -was found to slightly greater depths than photosynthetic activity (Fig. 6) . Just after sunrise (data not shown) and before sundown oxygen concentrations in the mat were low and photosynthetic activity was measured as deep as oxygen could be detected (Fig. 6) .
The oxygen exchange between the microbial mat and the overlying water was measured in the laboratory. Figure 7 shows the oxygen concentration of the water when the microbial mats were subjected to alternating light and dark periods. When light was turned on or off, there was a time lag of 3-5 min before a constant rate of oxygen exchange was measured. The steady state oxygen uptake rates of the flat mat and the blister mat were 5.3 and 2.7 mmo1*m-2. h-' during the dark periods, and the oxygen export was 9.9 and 1.8 mmo1.m-2.h-1 during the light periods.
Oxygen in gas bubbles-The oxygen profiles above and below a 7O-mm3 gas bubble in the blister mat were measured during a light-dark cycle (Jsrgensen et al. 1983 ). The oxygen tension within the bubble was measured continuously during a dark period following several hours of light incubation, and during a 3-h light incubation following 10 h in the dark. The rate of decrease in oxygen tension was not totally constant during the experiment, but an average rate of decrease of 8.8 ~01%. h-l was calculated for the first 300 min of the dark period. The oxygen tension within the bubble rose very slowly during the first 10 min of the light period, but then it started to increase very fast: 28 ~01%. h-l after 40 min in the light and 16 ~01%. h-l after I40 min. Measurements within another gas bubble of the same size that had been illuminated for 3 h before the experiment showed a 5.4 ~01% *h-l decrease during 1 h of dark incubation. Subsequent illumination led to an increase in oxygen tension of 10.3 ~01% *h-l. A small bubble with a diameter of 0.7 mm that had formed after several hours of illumination showed a decrease of 56 ~01% 0,. h-I in the dark and an increase of I4 in the light.
Discussion
Chemical profiles in the mat-The microelectrode measurements showed the changes within the microbial mat of two major chemical species involved in photosynthesis and respiration,
The changes in oxygen concentration caused by oxygenic photosynthesis were measured simultaneously with the changes in dissolved sulfide caused by anoxygenic photosynthesis or oxidation by oxygen. Changes in pH will result from both types of photosynthesis, as well as from respiratory processes.
The steady state profiles of 0, and H,S during the light and dark periods show that the rates of respiration and photosynthesis very quickly approach constant levels when the microbial mat is illuminated or shaded. The slow changes of pH may be due in part to the large pool size' of bicarbonate. The changes of pH may cause dissolution or precipitation of carbonates and this too will buffer the pH. Very high pH values were recorded during this study, but even higher values (10.4) have been measured in the surface layers of coastal marine sediments (N. P. Revsbech unpubl.).
Cyanobacteria are particularly abundant in these microbial mats and some cyanobacteria are known to grow well in alkaline environments (Cheng and Colman 1974) . The high pH in the surface layers during the first few hours after sunset may explain the apparent postillumination maximum of H,S within the upper 3 mm of the mat which was observed by Jorgensen et al. (1979b) .
If the pH of the microbial mat is one unit higher than assumed, the pH-dependent response of the electrode will result in an almost IO-fold overestimation of the sulfide concentration.
It seems that accurate pII measurements in the photic zone of intact sediment cores are possible only by use of pII microelectrodes.
We used the profiles of 0, and H,S shown in Fig. 3 (Fig. 3, 70 min) was about 2.5 ward flux of oxygen into the layer just pmol*m-2. The influx to this layer was 430 above the zone of O,/H,S coexistence pmol H2S*m-2.h-1 and the turnover time (I.75-mm depth) was about four times was therefore 2.5/430 h = 0.0058 h = 21 higher (1.75 mmol 02.m-2*h-') than the s. This is an extraordinarily high rate of upward flux of sulfide (0.43 mmol H,S* turnover, which cannot be explained by m-z-h-l), indicating that 50% of the oxychemical oxidation and must be due to gen flux was consumed by sulfide oxidamicrobial oxidation of II,S. The rate of tion. In the dark, the sulfide profile from chemical oxidation of II,S by oxygen is OS-to 3-mm depth was linear and the much slower. Chen et al. (1972) reported gradient indicated a flux of 0.43 mmol half-lives up to several hours, but catalytic I12S.m-2*h-1 toward the surface. The oxysubstances (Cu 2+, Ni2+) could reduce this gen profile in the dark cannot be used to time to several minutes. Half-lives of a calculate the downward flux of oxygen few seconds were, however, not reported because the diffusion coefficient of oxygen with even the best catalytic substances. in the boundary between water and miMeasurements in veils formed by the sulcrobial mat cannot be estimated. We can fide oxidizer Thiovolum sp. have shown calculate from the oxygen exchange ob-even faster rates of sulfide oxidation (Jsrtained in Fig. 7 that about 16% of the gensen and Revsbech 1983). Oxygen penoxygen uptake in the dark was used for etrated 50 pm into the veils, and the the oxidation of sulfide to sulfate. overlap zone of oxygen and sulfide in the Time ( min 1 Fig. 7 . Oxygen exchange of the flat mat (above) and the blister mat (below) with a 9-cm layer of overlying water when the mats were exposed to light (1) and dark (d) 'y >l c c es. The curves show the oxygen concentration of the overlying water. Light intensity was 1,000 pEinst.m-2.s-L.
lOO-pm thick veils was consequently <5O pm. The turnover rate of oxygen was about 0.1 s in this layer. Sulfide could not be measured in the veils because the bacteria adhered to the relatively thick electrode, but the residence time of sulfide within the veils must also have been about 0.1 s. There is also good evidence that the oxidation of H,S in the chemocline of Solar Lake is partly microbiologically mediated (Jorgensen et al. 1979a) . The zone of H,S and 0, coexistence within the microbial mat was situated at the very surface during the night and at about 2mm depth during the day. Organisms which benefit from the oxidation of H,S will therefore have an advantage in being motile, like the filamentous sulfide oxidizers of the genus Beggiatoa (Castenholz 1973) .
Photosynthesis -The oxygenic photosynthesis in one spot of the flat mat was determined throughout the day by the oxygen microprofile method (Fig. 4) . The mat was not totally homogeneous with respect to photosynthetic activity. Measurements at 10 random spots in the flat mat at 1,000 PEinst * m-2* s-l gave a primary production of 13.3 mmol 02.m-2.h-1 (Jorgensen et al. 1983 ). The primary production at 1,000 PEinst . rne2. h-l during the incubation .in sunlight (Fig. 5 ) was 12.9 mmol 02.m-2.h-1, very close to the mean of the measurements made at random under artificial light. The photosynthetic rate of 156 mmol 02*m-2*d-1 calculated from the diurnal measurements in Fig. 4 should therefore closely represent the average daily photosynthesis of the flat mat. The 156 mmol 02.m-2.d-1 corresponds to a primary production of 1.56 g C. rne2.d-l, assuming a photosynthetic quotient of 1.2 (Strickland and Parsons 1972) . This is considerably below the estimate of 12 g C. rnm2*d-l made by Krumbein et al. (1977) . Their high estimate was obtained with sliced sediment cores and deeper layers of the mat were thus illuminated with much higher light intensities than found in situ. B. B. Jorgensen (unpubl.) found that layers positioned far below the photic zone showed photosynthetic activity when illuminated. The 12 g C*m-2*d-' therefore represents a potential photosynthetic rate, not the actual primary productivity.
Jor-gensen and Cohen (1977) estimated a primary production of 0.4 g C.m-2.d-1 from the oxygen exchange between the intact mat and the overlying water. This estimate is too low because of the interferences from bubbles described below.
We used oxygen exchange data to calculate the photosynthetic rates of the two types of mat investigated here. From the oxygen exchange in the light at 1,000 pEinst.m-2.s-1 and in the dark, a photosynthetic activity of 15.2 mmol 02.m-2. h-' can be calculated for the flat mat. The blister mat had a photosynthetic rate of 4.5 mmol 02.m-2.h-1 as calculated from the oxygen exchange data. The photosynthesis as determined by the oxygen microelectrode was 13.8 mmol O,.rn-". h-' (Jorgensen et al. 1983) . The discrepancy between the two estimates may be caused by the presence of gas bubbles. About 20% of the mat surface was covered by bubbles with an average thickness of about 2 mm. This corresponds to a total gas volume of 0.4 liter.m-2. The rate of decrease in oxygen concentration within the 7O-mm" bubble described above was 9 ~01% *h-l during dark incubation and the increase was 16 vol%.h-l during illumination.
The difference between the accumulation rates in the light and the dark was thus 25 ~01% * h--l, corresponding to 10.2 mmol O,.liter-'*h-l, or 4.1 mmol 0,*0.4 liter-'ah-'. The change in gas composition in the bubbles thus increases the estimate of primary production obtained by the oxygen exchange method to 4.5 + 4.1 = 8.6 mmol 0,.m-2.h-1. This is a rather crude estimate due to the inaccurate estimate of the gas volume per meter square. Furthermore, gas bubbles of different sizes have different rates of oxygen exchange with the surrounding mat, but the calculations do show that the low estimate obtained with the oxygen exchange method was largely due to the buffering effect of gas bubbles within the mat.
The bubbles within the blister mat might be expected to increase the time before the rate of oxygen exchange between the water and the mat reached a constant value when light was turned on or off. The lag was, however, the same in the blister mat as in the flat mat (Fig. 7) . This was due to a thin film of microalgae on the blister mat, which covered the bubbles and consumed most of the oxygen that diffused out of the bubble. The time lag of 5-8 min observed for both types of mat (Fig. 7) was due instead to the fact that the peak of dissolved oxygen at the mat surface had first to be built up in the light or lost again in the dark before the flux to or from the water stabilized (cf. Fig. 3) .
The plot of photosynthesis vs. light intensity (Fig. 5) showed no sign of photoinhibition of the benthic community, although the data presented do not exclude photoinhibition of the algae in the uppermost layer. Other workers (Cad&e and Hegeman 1974; Pamatmat 1968) have reported that benthic communities of microalgae are not photoinhibited by full sunlight. A higher photosynthetic efficiency at the lowest light intensities was also found by Cadce and Hegeman (1974) . We found no significant change in the efficiency between the morning and the afternoon. A decrease in the efficiency during the afternoon would be expected if the photosynthetic organisms became inhibited by prolonged exposure to high light intensities.
Respiratory budget of the mat--Jargensen and Cohen (1977) estimated a sulfate reduction of 68 mmol SOd2-* m-2 * d-l for the flat mat. This corresponds to the mineralization of the organic matter produced by a photosynthesis of 136 mmol 02.m-2.d-1, i.e. almost the total primary production as measured by the oxygen microelectrodes.
There must be a significant aerobic degradation in the upper 2-2.5 mm of the mat during the day, and there should therefore have been a more significant difference between the photosynthesis and the sulfate reduction. Also conflicting is the difference between the flux of sulfide obtained from Fig. 3 (0.43 mmo1.m 2*h-' = 10.3 mmol~m-2~d-') and the rate of sulfate reduction found by Jargensen and Cohen. The measurement of sulfide by sulfide microelectrodes is not highly accurate, but comparison of the sulfide flux with the downward flux of oxygen seems to indicate that the values cannot be very much in error. Our estimate of the diffusion coefficients in the upper few millimeters of the mat may, however, be too low. These diffusion coefficients were determined as the mean for the upper 10 cm of the mat (Jorgensen et al. 1979b) , and the value may be somewhat higher in the upper few millimeters; this would mean that the fluxes are underestimated. The rate of sulfate reduction may also have been overestimated; 50% of the sulfate reduction was measured in the upper 5-mm layer, most of which was oxic during the day. There must thus be a change to largely aerobic metabolism in the upper 5-mm layer during the day. Sulfate reduction was measured during a few hours of dark incubation and the activities during the day and night were erroneously assumed identical by calculation of the daily rate of sulfate reduction. Anoxygenic photosynthesis, which can be performed by cyanobacteria (Cohen et al. 1975) , was not included in the rates of photosynthesis obtained by the oxygen microprofile method; the total primary production could therefore be underestimated. There are, however, indications that primary production by anoxygenic photosynthesis was negligible in this part of the mat. Jorgensen et al. (1979b) measured the light penetration in the winter mat of Solar Lake, which was comparable to the mat investigated here, and found only 0.02% of the incident light at a depth of 1.2 mm. In the present study, during most of the day the uppermost I.2-mm layer was all oxic, and oxygen penetrated deeper than measurable oxygenic photosynthesis (Fig. 6 ). Only at low light intcnsities during sunrise and sunset could oxygenic photosynthesis be detected as deep as oxygen could be measured. The penetration of oxygen to deeper, nonphotic layers during the periods of maximum photosynthetic activity was due to diffusion from the overlying photic zone. The light intensity in the deepest part of the oxic layer must have been too low to induce a measurable oxygenic photosynthesis. This conclusion is supported by the observation that layers below the photic z.one were capable of oxygenic photosynthesis if illuminated (B. B. Jorgensen unpubl.). It is not likely that a significant anoxygenic photosynthesis can occur in layers where the light intensity is too low for oxygenic photosynthesis, although infrared light, which can be utilized by photosynthetic bacteria, penetrates a little deeper than visible light (Jorgensen et al. lW9b ). The linear sulfide profile below the oxic zone (Fig. 3, 70 min) also does not indicate a major consumption of sulfide by anoxygenic photosynthesis.
